We have developed a compact E-E telescope elastic recoil detection analysis (ERDA) system, for the first time at Micro Analysis Laboratory, Tandem Accelerator (MALT) in the University of Tokyo, which consists of a gas ionization chamber and solid Rutherford backscattering spectrometry (RBS). We also confirmed availability of the gas ionization chamber for identifying not only the recoils of O and N but also those of lithium, carbon and fluorine.
Introduction
Recently the studies on partial replacement of anions in metal oxides or metal nitrides have been intensively performed. The continuous control of anion composition, such as O/N, in for example InOxNy [1] and Sn:InOxNy (ITON) [2] enables us to tailor their optical, electronic and structural properties. In these studies, the determination of the elemental compositions in the synthesized samples is important, while the measurement and analysis are not straightforward when the samples are thin films and include multiple light elements. The combinations of typical methods in ion beam analysis, such as nuclear reaction analysis (NRA), Rutherford backscattering spectrometry (RBS) and elastic recoil detection analysis (ERDA) are good solutions of this problem. The comparison of the performances among various ion beam techniques on ultra-thin AlOxNy films is well summarized by Barradas et al. [3] In previous works, we applied NRA of 15 N(p, ) 12 C to estimate the nitrogen amount in oxynitride thin films such as anatase TaOxNy [4] and perovskite SrTaOxNy [5] .
ERDA is one of the most powerful techniques to determine the elemental composition of thin films including the light elements. ERDA with relatively heavy ions is often equipped with a system of the particle identification. One example is the combination of time-of-flight (TOF) and particle energy detection, so-called TOF-E ERDA. The applications of TOF-E ERDA for perovskite LaTiOxNy are found in references [6, 7] . Recently, the performance of the particle identification of TOF-E ERDA has been intensively improved, so that one can distinguish also the light metals in thin films [8] [9] [10] [11] , meanwhile the system has become rather sophisticated and expensive.
Another choice for the particle identification is the conventional E-E telescope ERDA system equipped with a gas ionization chamber [12] . As long as we concentrate our attention into the determination of O and N ratio in the metal oxynitrides, the conventional E-E telescope ERDA is still useful. Because the detection system is small and simple, it is easy to increase the effective solid angle of the detector.
In this paper, we report our recent development of the E-E telescope ERDA system, which is optimized to separate the recoils of O and N included in metal oxynitrides thin films. This is a development of E-E telescope ERDA for the first time in Micro Analysis Laboratory, Tandem Accelerator (MALT) in the University of Tokyo.
In the development, we referred the design of the gas ionization chamber for the accelerator mass spectrometry (AMS) of 10 Be and 26 Al [13] . The developed system worked well to determine the compositional ratio of N, O, and metals (cations) in films by tuning the lengths of electrodes and the gas pressure. Some applications of the developed system were previously published on the amorphous AlNx [14] , epitaxial InOxFy [15] , and epitaxial CoOxNy [16] thin films.
Experimentals

Setup of scattering chamber and beam
The primary aim of development is the composition determination of O and N in the metal oxynitrides by means of the simultaneous ERDA and RBS. Figure 1 shows the experimental setup of the scattering chamber. The incident angle of the 35 Cl 7+ beam is set at the angle of 75º from the surface normal of the samples. The recoils and backscattered particles are collected at 30º and 150º from the beam incident direction, respectively. RBS was taken by a conventional solid state detector (SSD, ORTEC U-012-050-100), while ERDA was carried out with the combination of the gas ionization chamber and the SSD (ORTEC U-016-300-100).
The incident beam was chosen from the viewpoint of the intermediate mass between the light elements (C, N, O or F) and the transition metals, so that Al, Si and/or Cl were desirable candidates. In the actual measurements, 35 Cl was used with the pressed NaCl target as an ion source cathode. The cation/anion ratio in the samples can be determined by means of the solid angle ratio of RBS and ERDA detectors and also the scattering and recoil cross sections. We note that our samples often include heavy cations, such as In and Ta. In RBS between heavy incident ions (in our case 35 Cl 7+ ) and heavy targets, the screening effect on the cross section due to the electronic screening in inner shells should be considered [17] . In the cases between 35 by a slit system and a few tens nA, respectively. The typical data acquisition time for the metal oxynitrides thin films in the previous reports [15, 16] was from half an hour to one hour. 
Design of gas ionization chamber
As mentioned above the U-shaped cathode (see Fig. 2 (a)) in the gas ionization chamber adopted in the present study is a modification of that for AMS [13] . In principle, we did not change the cross section shape and dimensions of the gas ionization chamber from the original one. Here we discussed the length of electrodes along the recoil incident direction to separate N and O in the E-E histogram. Assuming that the typical energy resolution of gas ionization chambers is ~ 100 keV, the difference of the energy loss in the gas ionization chamber between N and O (EO -EN) should be larger enough than the energy resolution. The P10 gas (90% Ar + 10% CH4) is used to fill our gas ionization chamber. The pressure of the P10 gas in the gas ionization chamber was measured with a diaphragm gauge at the outlet of the gas flow system (see Fig. 1 ). The P10 gas and/or Q gas (98% He + 2% isobutene) are easily available in our facility, and the Ar-based would be expected to make the gas ionization chamber more compact for keV/mm, respectively [18] . From these values, it is revealed that the electrode length of 50 mm induces a sufficient energy loss difference, EO -EN ~ 450 keV. The whole detection system of E-E telescope ERDA is mounted on an ICF152 flange with the gas flow system, and the inlet of the detector is sealed with a Mylar foil (t = 2.5 m). The slit shape of the detector inlet is 1 × 10 mm 2 , so that the recoil angle is limited within 30º ± 0.35º. The distance between the sample and the slit is ~ 80 mm meaning that the solid angle of the telescope is ~ 1.5 × 10 -3 sr. This solid angle is fully covered with the SSD of about 20 mm diameter. In the present development and study, the electrical voltages put on the anode (VA), grid (VG), and cathode (VC) were the same to those adopted in AMS [13] , i.e. VA = 180 V, VG = 30 V and VC = 0 V (grounded as well as the vacuum chamber). A photograph of the developed system on the ICF152 flange is displayed in Fig. 2(b) . 
Samples
For the energy calibration of the gas ionization chamber and the SSD, 16 O beam was used with sweeping the accelerated energy from ~ 19 up to ~ 25 MeV. An Au foil (t = 25 m) was used as a target and the 16 O particles Rutherford (forward) scattered from the foil were collected by the same E-E telescope system.
The performance of the developed gas ionization chamber for the elementary composition determination was checked on the SrTaO2N films (t = 60 and 100 nm) on the SrTiO3 substrate. These SrTaO2N films were prepared with the established recipe, of which the stoichiometry was proved by RBS, NRA and the charge neutralized condition in the previous study [5] .
Apart from above, the developed gas ionization chamber was applied for E-E telescope ERDA on other metal oxides, oxynitrides, and oxyfluorides : the CoOxNy film (t = 90 nm) [16] on the MgAl2O4 substrate, the thick LiTaO3 plate, an InOxFy film (t = 125 nm) on the Y:ZrO2 substrate and the SiO2 film (t = 47 nm) on the Si wafer.
Results and discussions
Response of detectors for swift light elements
We followed the procedure to obtain the coefficients converting the analog to digital converter (ADC) output to the energies of particles detected by the gas ionization chamber E and by the SSD, so-called the residual energy Eres. Eres and E are connected by the energy of recoils, so-called total energy Etotal, as Etotal = E + Eres + Eothers. Here Eothers represents the energy losses not directly measured by the detectors such as energy loss due to the Mylar foil at the inlet of the detection system and P10 gas out of electrodes. While we made the energy calibration carefully for Eres by the SSD, we roughly checked E only for a typical energy of 16 O. In principle, it is not necessary to know Etotal exactly, because the contributions of E and Eothers are just the shift of origin of energy scale in the interested energy region. This convenience can be rationalized by the two facts that (1) E is not so sensitive to the kinetic energy of the light element recoils in this energy region and also (2) the interested energy region is narrow due to the small thickness of the films on the substrates. The specific discussion is given in the next subsection. Figure 3(a) shows the ADC output of the SSD (Eres) put behind the gas ionization chamber (see Fig. 1 and 2 ) in the E-E telescope ERDA system without the P10 gas. The 16 O particle forward scattered from the Au foil was detected through the Mylar foil at the inlet of the detection system with sweeping the acceleration energy of the 16 O beam. We can see that the output of the SSD can be well fitted by a linear function as y = ax +b, here a and b were determined as 253 ch/MeV and -1029 ch. Where "ch" signifies the channel of the ADC output, while the above calibrated value of course can linearly depend on the amplifier gain in the electronics. The y-intercept (or x-intercept more directly in the dimension of energy) corresponds mainly to the energy loss due to the Mylar foil at the inlet. According to the stopping power of Mylar foil against 16 O with the energy around ~ 22 MeV [18] , the thickness of the Mylar foil was estimated as ~ 3.5 m, while we used the film with the thickness of 2.5 m. The discrepancy is not significant for our purpose and will be interpreted by the fluctuation of density or carbon pile up, etc. Now we obtain the energy calibration factor 1/a = 3.95 keV/ch for the SSD in the E-E telescope ERDA system. Hereafter we assume, for the simplification, that the responses of the SSD for the swift 14 N and other light elements are approximately same to that for 16 O. The elementary dependence of the SSD response [19] should be, however, taken into account in the case that the precise depth distribution is required. Then we now give a rough discussion on the response of the gas ionization chamber for swift ions of the light elements. Figure 3(b) shows the energy spectra of 16 O scattered from the Au foil. The spectra were taken by the SSD behind the gas ionization chamber with (red) and without (black) the P10 gas at 6.0 × 10 3 Pa. The initial energy of 16 O irradiated to the Au foil was set at 28.8 MeV. The difference of the leading edge positions between the two spectra signifies the energy loss due to the P10 gas filling the volume between the Mylar foil and the SSD. The distance between the Mylar foil and the SSD is 72 mm, while the length of the gas ionization chamber electrode is 50 mm. Therefore the gas ionization chamber approximately collects the ~ 70% (~ 50 /72) of the electrons produced along the trajectory. In this case, E corresponds to the ~ 70% of the energy difference E' ~ 5 MeV displayed in Fig. 3(b) , and the rest energy loss is included in Eothers. The energy difference E' ~ 5 MeV is much larger than E' ~ 3.6 MeV estimated by SRIM [18] with 6.0 × 10 3 Pa of the P10 gas pressure. The pressure estimated from SRIM is ~ 9.2 × 10 3 Pa. This discrepancy can be attributed to the uncertainty of SRIM and/or the underestimation of the P10 gas pressure due to the position of the diaphragm gauge (Fig. 1) . We note, however, this uncertainty is still in a permissible range for the purpose of the determination of the elemental composition of metal oxynitrides.
Further energy calibration of the gas ionization chamber in detail is just time consuming as mentioned above. It is reasonable to estimate the response of the gas ionization chamber for recoils of other elements and with lower or higher energies from the stopping power table, if necessary. A comparison between experimental results and semi-empirical simulation based on the stopping power table validates this strategy for the elementary composition determination of the metal oxynitride thin films as discussed in the next subsection.
Performance test on SrTaO2N
Figure 4(a) shows the E-E histogram taken on the SrTaO2N film on SrTiO3 substrate (t = 60 nm) with the developed detection system. The particle identification of each line seen in Fig. 4(a) Thus the enough performance of E-E telescope ERDA is validated to determine the ratio of N and O in the metal oxynitrides directly without any additional assumptions. In the future works, we investigate also metal-oxide-based materials including hydrogen. Hydrogen is one of important dopants for metal-oxide-based materials [24] [25] [26] . Our current ERDA-RBS system, however, does not work effectively for hydrogen detection. To obtain the enough E of hydrogen, the length of the electrodes should be longer [27] or the gas pressure should be higher [28] than those in our system.
It seems to be not straightforward to precisely quantify hydrogen and oxygen in metal-oxide-based thin films simultaneously with common parameters in a single E-E telescope ERDA system. Our solution is the combination with the conventional RBS-ERDA with 2.5 MeV 4 He 2+ and the stopper foil [29, 30] . The normalization between the two methods, E-E telescope ERDA and the conventional ERDA, can be easily done with the RBS yields of metal cations included in the thin film of oxides.
Conclusion
We designed and developed a simple and compact E-E telescope ERDA system useful enough for the quantitative analysis of metal oxynitrides. The ~ 40 MeV 35 Cl 7+
was employed as an incident beam. The developed detector expressed the expected performance on the SrTaO2N film (t = 60 and 100 nm) on the SrTiO3 substrate. The detector successfully distinguished also Li, C and F.
